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FTIR spectroscopyThe sarcoplasmic Ca2+-ATPase (SERCA1a) forms two phosphoenzyme intermediates during Ca2+ pumping. The
second intermediate E2P hydrolyzes rapidly, which is essential for the rapid removal of Ca2+ from the cytosol of
muscle cells. The present work studies whether a weakening of the scissile P\\O bond in the E2P ground state
facilitates dephosphorylation. To this end, the experimentally known vibrational spectrum of the E2P phosphate
group was calculated with density functional theory (DFT) using structural models at two levels of structural
complexity: (i) Models of acetyl phosphate in simple environments and (ii) ~150 atom models of the catalytic
site. Itwas found that the enzyme environment distorts the structure of the phosphate group: one of the terminal
P\\O bonds is shorter in the catalytic site indicating weaker interactions than in water. However, the bond that
bridges phosphate and Asp351 is unaffected. This indicates that the scissile P\\O bond is not weakened by the
enzyme environment of E2P. A second ﬁnding was that the catalytic site of the E2P state in aqueous solution ap-
pears to adopt a structure as in the crystals with BeF3−, where the ATPase is in a non-reactive conformation. The
reactant state of the dephosphorylation reaction differs from the E2P ground state: Glu183 faces Asp351 and po-
sitions the attackingwatermolecule. This state has a 0.04 Å longer, and thus weaker, bridging P\\O bond. The re-
actant state is not detected in our experiments, indicating that its energy is at least 1 kcal/mol higher than that of
the E2P ground state.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Enzyme catalysis is brought about by the intriguing interplay be-
tween protein environment and substrate. These interactions are com-
monly thought to be optimized for stabilization of the transition state
of a reaction and therefore naturally affect already the ground state. Ac-
cordingly, distortions imposed by the protein environment on substrate
conformation have been detected by X-ray crystallography [1–8]. Dis-
tortions on the level of individual bonds are particularly interesting be-
cause they are related to changes in bond strength and electron density,
and thus to the catalytic mechanism. Accurate bond length determina-
tions are required to detect such distortions and to reveal whether the
reacting groups approach a transition-state-like structure already in
the ground state of an enzyme substrate complex. This effect is denoted
in the literature by terms like ground state or substrate destabilization,ctional theoryand near-attack conformers [9–13]. However, bond length changes due
to protein interactions are difﬁcult to determine from X-ray crystallog-
raphy, since the free substrate in aqueous solution cannot be character-
ized and since the bond length error is relatively large even for highly
resolved protein structures. At 1.2 Å resolution for example, the accura-
cy of bond lengths is on the order of 0.1 Å [14]. Most protein structures
in the protein data bank have a lower resolution, typically around 2 Å,
and a larger bond length error, which enables only the detection of rath-
er drastic bond length changes. Vibrational spectroscopy on the other
hand, is very sensitive to bond length since the vibrational frequency
depends directly on the bond force constant, which is a function of the
bond length. Accordingly, “it can be said that the resolution of vibration-
al spectroscopy picks upwhere diffraction andmultidimensional nucle-
ar magnetic resonance (NMR) techniques leave off, at approximately
0.2 Å, and extends down tomuch lower lengths” [15]. Indeed, vibration-
al spectroscopy has been successfully used to detect substrate distortion
[16–24]. To be most meaningful, the vibrational frequency information
has to be converted into molecular properties like bond lengths or
partial charge, either via empirical correlations [16,17,25–28] or by
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high bond length accuracy, on the order of 0.01 Å for the B3LYP func-
tional with the 6-31G* basis set [30].
One of the questions studied in this work is whether the sarcoplas-
mic reticulum Ca2+-ATPase (SERCA1a) distorts the structure of the
phosphate group that is transiently bound to the enzyme. A particular
focus is on the question whether the P\\O bond between phosphate
and protein is elongated andweakened by the enzyme environment al-
ready in the enzyme state before dephosphorylation. Such structural
data could previously not be obtained from X-ray crystallography be-
cause phosphate analogswere used to stabilize the transient intermedi-
ate. An exception is a structure of theﬁrst phosphoenzyme intermediate
[31], but the resolution of 2.8Å prevented a detailed analysis of the bond
lengths of the phosphate group.
The Ca2+-ATPase belongs to the P-type ATPase family, which is one
of the main, primary generators of ion gradients in biology. The Ca2+-
ATPase of the sarcoplasmic reticulum membrane pumps two Ca2+ at
the expense of oneATPmolecule and thereby leads tomuscle relaxation
[32]. A scheme of its reaction cycle is shown in Fig. 1. In the pump pro-
cess, ATP phosphorylates the ATPase at Asp351 which leads to the se-
quential formation of two phosphoenzyme intermediates named
Ca2E1P and E2P. Ca2+ transport into the lumen of the sarcoplasmic re-
ticulum takes place in the conversion from Ca2E1P to E2P [33,34]. One
of the intriguing properties of E2P is its rapid hydrolysis on the ms
time scale [35–38], which contrasts with the slow hydrolysis of the
model compound acetyl phosphate in aqueous solution [39]. Enzymatic
catalysis of ATPase dephosphorylation is an essential feature of this en-
zyme since it is required for fast muscle relaxation.
Several crystal structures of E2P-like states have been obtained by
stabilizing the phosphoenzyme intermediate with phosphate analogs:
BeF3−, AlF4− or MgF42− [31,40–42]. The BeF3− analog is thought to model
the E2P ground state (see Fig. 1), the AlF4− analog the transition state
of the dephosphorylation reaction, and the MgF42− analog the product
state after hydrolysis (see Fig. 1). The latter two analogs differ from
the former one by the position of the conserved 181TGES loop. This is
shown in Fig. 2 for the BeF3− and the MgF42− analogs. In the BeF3− struc-
ture, Glu183 is oriented away from the catalytic site and can therefore
not position a water molecule in an attacking mode. Also, in this struc-
ture the space around the BeF3−molecule is very compact and there is
no space for a water molecule. In the AlF4− and MgF42− structures, the
TGES loop has slightly retracted from Asp351 (see Fig. 2), which allows
the side chain of Glu183 to move closer to the catalytic site and to posi-
tion the attacking water molecule. The second question addressed in
this work is which of these structures represents the genuine E2P
state adopted in aqueous solution.
The BeF3− analog without thapsigargin (E2·BeF3−) is considered to
represent the E2P state adopted in aqueous solution because the ATPase
can rapidly be reactivated by luminal Ca2+ [43,44] and behaves similar-
ly regarding the intrinsic Trpﬂuorescence [43,44] andﬂuorescence fromFig. 1. Scheme of the Ca2+-ATPase reaction cycle. E2P denotes the ground state of the sec-
ond phosphoenzyme intermediate which is thought to be represented by the E2·BeF3−
crystal structure. It is called inactive in this work for reasons given in the text. E2PR is
the reactant state for the dephosphorylation reaction and is denoted active in this work.
It differs from E2P by the position of the TGES loop. E2·Pi is the product state of the de-
phosphorylation reaction which is represented by the E2·MgF42− crystal structure.the trinitrophenyl derivate of AMP [43]. Trinitrophenyl-AMPbinds close
to the phosphorylation site but the results are difﬁcult to interpret be-
cause it binds differently from adenosine nucleotides [45,46] and differ-
ently in different E2P analog states [47]. The other evidence for the
analogy between E2P and E2·BeF3− stems from properties of the mem-
brane domain, which harbors the Ca2+ binding sites and 12 of the 13
Trp residues in the membrane interface region. The remaining Trp is
in the N-domain and none is in the phosphorylation site. Thus, the
cited studies do not assess the structure of the catalytic site, which
seems to be decoupled from the structure of the membrane domain as
discussed in the following: The BeF3− analog adopts two very different
structures depending on whether the inhibitor thapsigargin is bound
or not. Without thapsigargin the membrane domain has opened to-
wards the luminal side of themembrane, providing a Ca2+ exit channel
[31], whereas this channel is closed in the structure with thapsigargin
[42]. Nevertheless, the catalytic sites (residues within 10 Å around
Asp351) are superimposable with 0.6 Å root mean square deviation.
This decoupling of catalytic site and membrane domain implies that
the structure of the catalytic site of E2P cannot be concluded from stud-
ies addressing the property of themembrane domain. Thus, more infor-
mation regarding the similarity of the catalytic site in the genuine E2P
state and its BeF3− analog is highly desirable.
In order to clarify this situation and to elucidate the catalytic mecha-
nism of dephosphorylation, the present study continues our previous ex-
perimental work, in which the vibrational spectrum of the E2P
phosphate has been characterized in an isotope exchange experiment
and analyzed with empirical correlations [17]. The main E2P phosphate
bands were found at 1137 and 1194 cm−1. The aim of the present
work is to evaluate these data with DFT calculations in order (i) to quan-
tify the bond distortions of the P\\O bonds induced by the enzyme envi-
ronment and (ii) to compare the catalytic site structure in the crystals
with that of E2P in aqueous solution. To this end, several simple models
of the catalytic site of E2P and twomore comprehensive ones were stud-
ied. The simple models were based on acetyl phosphate (AcP) in its
dianionic form (see Fig. 3), which represents the aspartyl phosphate of
E2P because of its similar chemical structure. It was placed in simple en-
vironments consisting of HF and H2Omolecules as in our previous study,
which was concerned with structural effects of electrostatic interactions
on models of phosphorylated amino acids [48]. When building the
models for the present study we were guided by the experimentally
obtained P\\O wavenumbers (proportional to vibrational frequency) of
the aspartyl phosphate vibrations [17]. The positions of the interacting
HF or H2O molecules were adjusted such that the calculated P\\O
wavenumbers agreed with those determined experimentally. The small
number of atoms in the AcP models has the advantage that the large
basis set 6-311++G(3df, 3pd) could be used,which providesmore accu-
rate data than the smaller basis sets, in particular regarding vibrational
wavenumbers [49]. In addition, two protein models of the E2P catalytic
site were constructed. They were based on two different crystal
structures — one with BeF3− (PDB ID: 2ZBF) [42] and one with MgF42−
(PDB ID: 1WPG) [40] and both in the presence of thapsigargin. The for-
mer will be termed inactive protein model and the latter active protein
model because of their different abilities to position the attacking water
molecules as discussed above. The results from the AcP models compare
favorably to the inactive protein model. They enable a quantiﬁcation of
the distortions imposed by the enzyme environment on the aspartyl
phosphate and they resolve the question which of the phosphoenzyme
analogs resembles the E2P state in solution. A ﬁrst account of this work
has been published in the PhD thesis of M. Rudbeck [50].
2. Methods
2.1. DFT calculations
AcPmodelswere created in simple environments consisting of a few
HF or H2Omolecules. In addition, ~150 atommodels of the catalytic site
Fig. 2. Structural differences between the E2·BeF3− (PDB ID: 3B9B) and the E2·MgF42− (PDB ID: 1WPG) structure. The structures were overlaid at the backbone atoms of residues 342–359
and 670–750 using Swiss pdb viewer. The root mean square deviation was 0.49 Å. Further visualization wasmadewith RasMol. A) Overlay of the two structures near Asp351. Shown are
residues 174–188, 346–359, and 697–716. Green: E2·BeF3− structure, gray: E2·MgF42− structure. Asp351 (bottom) and Glu183 (top) are represented by balls and sticks. B) The same pro-
tein section shown in the context of thewhole protein (E2·BeF3− structure). Red: residues 346–359 and 697–716 in the P domain, orange: residues 174–188 in the A domain. C) The region
used for overlaying the two structures is shown in yellow in the E2·BeF3− structure.
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models are described in more detail below. All geometry optimizations
of the AcP models were performed with the Gaussian03 program [51]
and the geometry optimizations of the protein models with the Jaguar
7.6 program [52]. The geometries were fully optimized, with a few con-
straints depending on the model, using DFT with the B3LYP functional
[53,54] and two different basis sets: 6-31G** and 6-311++G(3df,
3pd). In the following, the former is referred to as the small basis set
and the latter as the large basis set.
The small basis set was used for the protein models which included
~150 atoms (see below). Frequency calculations on such large systems
are computationally very expensive and it is therefore not feasible to
use a larger basis set. Furthermore, Rudbeck [49] showed that even
though the mean average error of the calculated P\\O wavenumbers
for the 6-31G** basis set is quite high, the phosphate geometry is rea-
sonable. The large basis set was used for the AcP models. Some of
them were also calculated with the small basis set, in order to compare
them to the protein models.
All frequency calculations were performed on the optimized struc-
tures using Gaussian03. In case of the protein models, the basis set
and the electron density (to make sure to obtain convergence to the
same state) from the geometry optimizationwith Jaguarwere exported
to Gaussian. No scaling factor was applied to the wavenumber calcula-
tions with the large basis set since it calculates P\\O wavenumbers
which are very close to experimental results [49]: for the two PO32−-
containing molecules in the studied set of molecules, the calculated
wavenumbers of the asymmetric P\\O stretching vibrations differed
by only 3.3 cm−1 from experimental results (averaged absolute value
of the deviations). One of these molecules was AcP. The wavenumbers
calculated with the large basis set will therefore directly be comparedFig. 3. Acetyl phosphate (AcP).to experimental results. Wavenumbers calculated with the small basis
set were scaled relative to the large basis set using a scaling factor of
0.985. The factor was determined for the asymmetric P\\O stretching
vibrations of AcP from gas phase DFT calculations [49].
2.2. AcP models
Three AcP models of the catalytic site of E2P were generated in
which three HF molecules modeled interactions found in the crystal
structure. They interacted with AcP at the terminal and bridging oxy-
gens of the phosphate group and with the carbonyl oxygen. We have
previously shown that interactions with HF and water follow the same
trend lines when structural distortions of phosphate groups are corre-
lated [48]. This is true also for the phosphatewavenumbers (manuscript
in preparation). HF however, has the advantage over H2O of having only
a single hydrogen bond donor, which facilitates to model the intended
interactions. Depending on the model, some of the H…O distances
were ﬁxed (see section S1 of Supplementary Data). Solvent effects
were included, in both the optimization and the frequency calculations
using the self-consistent polarization model (PCM). More speciﬁcally,
the conductor-like screening model (CPCM) [55,56] was used with
ε=4,which is commonly usedwhenmodeling a protein environment.
One of the models reproduced exactly the experimental wavenumbers.
It is termed AcP-E2P model 1 and is shown in Fig. 4. Two other
models with similar interactions are named AcP-E2P models 2 and 3.
A similar model was generated to reproduce the experimental data for
Ca2E1P and is named Ca2E1P model 2. However, it turned out that a
model with very different interactions (a single hydrogen bond to one
of the terminal phosphate oxygens) described the experimental
wavenumbers better. This model is named Ca2E1P model 1. The struc-
tures of all AcP models for the ATPase phosphoenzyme are shown
in Section S1 of Supplementary Data. The large basis set was used for
geometry optimization and frequency calculation. In addition and
for comparison with the protein models, AcP-E2P model 1 was re-
optimized and the wavenumbers calculated with the small basis set.
As a reference point for the effects of the protein environment on the
phosphate bonds, AcP was also modeled in aqueous environment. Four
newmodelswere created in addition to the published calculation of AcP
Fig. 4. The AcPmodel for E2P (AcP-E2Pmodel 1). AcP interacts with 3 HF-molecules posi-
tioned at three constrained distances (indicated).
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The new models contained additionally single HF or H2O molecules,
weakly interacting (2.5 Å distance) with either one terminal phosphate
oxygen or the carbonyl oxygen. The dielectric constant was again 78.39.
The four new models and the published model are referred to as AcP-
water models.
2.3. Protein models
As an independent control for the results obtained with the AcP
models and to determine the structure of the catalytic site of the E2P
state in aqueous solution, two protein models of the catalytic site of
SERCA1a in the E2P state were constructed (see Fig. 5). They were
based on the crystal structures of two different E2P analogs (PDB IDs:
2ZBF [42] and 1WPG [40]). The structure based on the BeF3− analog
(2ZBF) will be referred to as the inactive protein model because it is
not the reactant structure for the dephosphorylation reaction as
discussed in Section 1 (Introduction). The active protein model was
based on a product-like crystal structure (E2·MgF42−, PDB ID: 1WPG)Fig. 5. Optimized structures for E2P. Left: inactive protein model for the E2P ground state obta
state of dephosphorylation E2PR based on PDB ID: 1WPG. The atoms encircled in red were ﬁxeresembling E2·Pi. It was optimized to a reactant complex with a cova-
lent bond between Asp351 and the phosphate group. The protein
models correspond to previous models [48] calculated with the larger
6-31++G(d,p) basis set, which however is impractical for frequency
calculations. The active model corresponds to the reactant state in our
previous work on the molecular mechanism of the hydrolysis of the
E2P phosphoenzyme [57].
In creating the protein models, the phosphate analogs and their in-
teraction partner Asp351 were substituted for an aspartyl phosphate
group. For the active protein model additionally a water molecule was
positioned close to the location of one of the ﬂuorine atoms of MgF42−.
The models were studied using the so-called quantum chemical cluster
approach where a relatively small part of the enzyme is treated [58].
Asp351 bound to the phosphate, amagnesium ion,ﬁvewatermolecules
(two of which are ligated to Mg2+) and the following amino acids:
Thr181, Gly182, Glu183, Thr353, Thr625, Gly626, Lys684, Asp703,
Asn706, and Asp707were all extracted from the PDB-ﬁle. To further re-
duce the model size, the residues were truncated so that only the side
chains and backbone atoms involved in interactions with other model
atoms were included. The backbone carbon and nitrogen atoms which
were not included were substituted for hydrogens. These hydrogen
atoms as well as all α-carbon atoms were ﬁxed to the crystal structure
coordinates and are encircled in red in Fig. 5. This is a common method
to keep the backbone positioned and to prevent unnatural movements,
keeping the optimized structures close to the experimental struc-
ture [59]. The hydrogen atoms of the amino acids were added and the
side chains of glutamate, aspartate and lysine were all charged, which
is in accordance with the physiological pH of 7.4. The total charge of
both systemswas−2, the same charge as the phosphate group. The ge-
ometry optimizations (closed shell singlet) and frequency calculations
on the two models were performed using the B3LYP method and the
6-31G** basis set without considering solvent effects. The obtained
structureswere very similar to our previous calculationswith the larger
6-31++G(d,p) basis and a continuum dielectricumwith ε=4 [48]. For
example, the length of the bridging P\\O bond between aspartyl and
phosphate moieties was the same for both protein models in the two
calculations. One of the reasons for the consistency of the two calcula-
tions is that larger quantum mechanical models, like the ~150 atom
models used here, become independent of solvation effects [58,60].ined using PDB ID: 2ZBF as starting geometry. Right: active protein model for the reactant
d.
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3.1. AcP and protein models for the ATPase phosphoenzymes
In order to determine the bond lengths of the P\\O bonds of the E2P
phosphoenzyme intermediate, the available experimental frequency in-
formation was correlated with structural information from DFT calcula-
tions. Fig. S2 in Supplementary Data shows the experimental spectrum
to which the DFT wavenumber calculations were compared and
Section S2 in Supplementary Data contains a further discussion of the
spectrum. To evaluate the experimental spectrum, simple models of
the phosphorylation site were generated using AcP to represent the
aspartyl phosphate and three HFmolecules to represent the protein en-
vironment. AcPwas chosen because it contains the same acyl phosphate
group as the aspartyl phosphate of E2P. The HF molecules were posi-
tioned (and some ﬁxed) speciﬁcally so that the interactions with AcP
(Fig. 4) resembled those found in the crystal structures between the
phosphorylated Asp351 and its environment (Fig. 5). The aim was to
ﬁnd an HF environment which could reproduce the experimental
wavenumbers of phosphorylated Asp351 in the E2P phosphoenzyme,
in particular the asymmetric stretching vibrations of the terminal
P\\O bonds νas(P\\OT) (1137 and 1194 cm−1) [17]. When the
wavenumbers from calculation and experiment match, the calculated
structure of the phosphate group is expected to be very close to that
in the E2P phosphoenzyme, since wavenumbers are very sensitive re-
porters of the bond lengths and the geometry of a vibrating group.
This approach implies that the focus of this study is on the structure of
the phosphate group and not on the details of its interactions.
The choice of HF to model electrostatic interactions is motivated in
Section 2.2. The models had different distance constraints, they were
optimized with the large 6-311++G(3df, 3pd) basis set and a continu-
um solvent with ε = 4. The large basis set was used because it
reproduced experimental wavenumbers in aqueous solution very well
[49] as detailed in Section 2.1. Fig. 4 shows one of the models, further
on named AcP-E2P model 1, which provided exactly the experimental
wavenumbers (1137 and 1194 cm−1). The wavenumber data and the
length of the bridging P\\O bond (P\\OB) are listed in Table 1. A further
model (AcP-E2P model 2) provided similar wavenumbers (1130 and
1197 cm−1), whereas a third model (AcP-E2P model 3) with a similar
interaction pattern produced a larger splitting of the asymmetric
P\\OT stretching vibrations (1054 and 1198 cm−1). The structures of
all AcP-E2P models can be found in Section S1 of Supplementary Data.
AcP models were also generated to reproduce the experimental
wavenumbers for Ca2E1P (~1114 and ~1170 cm−1, see below). The
calculated wavenumbers for AcP-Ca2E1P model 1 were 1112 and
1172 cm−1. A further model (AcP-Ca2E1P model 2, 1119 and
1164 cm−1) closely reproduced thewavenumbers of Ca2E1P. The struc-
ture of these models is shown in Section S1 of Supplementary Data.Table 1
The wavenumbers of the asymmetric P\\OT stretching vibrations and the P\\OB bond lengths f
Phosphate
environment
Experiment Name of model AcP model large basi
νas(P\\OT) cm−1 νas(P\\OT) cm−1
E2P 1137a 1194a AcP-E2P model 1 1137d 1194d
E2P inactive
E2PR active
Ca2E1P 1113b 1175b AcP-Ca2E1P model 1 1112 1172
Ca2E1P 1115c 1166c AcP-Ca2E1P model 2 1119 1164
Water 1132a 1132a 1130e 1139e
a [17].
b [61].
c New interpretation of our previous data [17]. See section S2 in SI.
d Modeled with 3HF and ε= 4, see Fig. 2.
e No explicit water molecules, ε= 78.39 [49].
f Wavenumbers are scaled by 0.985 as described in Section 2.1.As an independent control of the results from the AcPmodels, larger
protein models were studied in which the catalytic site of the
phosphoenzyme intermediate E2P in the Ca2+-ATPasewas represented
by ~150 atom models (Fig. 5). The inactive model was optimized from
theBeF3− structure,whereGlu183points away from thephosphorylated
site. The active model for the reactant state E2PR of the dephosphoryla-
tion reaction (Fig. 1) was optimized from the MgF42− structure with
Glu183 pointing towards the catalytic site. The wavenumbers of both
models were calculated using the small 6-31G** basis set and are listed
in Table 1 together with the length of the bridging P\\OB bond.
3.2. The bridging P\\O bond of E2P and Ca2E1P
The bond length data from the AcPmodels provide us with informa-
tion on the effect of the enzyme environment on the scissile P\\OB bond
of E2P. Potential and limitations of this approach are discussed in sec-
tion S3 of Supplementary Data. The AcP-E2P model 1 has a bridging
bond length of 1.77 Å (Table 1), which is the best estimate for the
bond length of the bridging bond in E2P from this study. Also in the
AcP models of Ca2E1P, the bridging bond length is 1.77 Å. This bond
length is identical to the respective average bond length of the AcP-
water models (1.77 Å). Therefore, the DFT calculations do not provide
evidence for a substantial elongation and weakening of the scissile
P\\OB bond in E2P. Thus the fast dephosphorylation rate of E2P does
not seem to be caused by a ground state effect of E2P on the strength
of the scissile P\\O bond.
The P\\OB bond length determined from AcP-E2P model 1 is very
similar to that calculated for the inactive protein model (1.78 Å)
whereas the active protein model has a 0.04 Å longer P\\OB bond.
These bond lengths are identical to our previous calculations using the
larger 6-31++G(d,p) basis set and a continuum solvent (ε = 4) [48].
Thus the P\\OB bond elongates and weakens in the conformational
change from the E2P ground state (inactive model) to the reactant
state for dephosphorylation E2PR (activemodel, see Fig. 1) that involves
the reorientation of the TGES loop. This seems to be mainly due to a
movement of the Lys684 side chain resulting in a stronger interaction
with the bridging oxygen of the aspartyl phosphate as discussed previ-
ously [48].
3.3. The terminal P\\OT bonds of E2P
AcP-E2P model 1 has one short P\\OT bond of ~1.50 Å and two
others close to 1.52 Å. This ﬁnding of bond length heterogeneity is in
line with the values derived for both protein models which have one
P\\OT bond that is considerably shorter (1.51 Å) than the other P\\OT
bonds (1.53 and 1.54 Å). Since the longer bonds in AcP-E2P model 1
have similar bond lengths as in the AcP-water models (maximal
0.003 Å deviation from the average P\\O bond length of the AcP-or the AcP and protein models.
s set AcP model small basis set Protein model small basis set
P\\OB Ǻ νas(P\\OT) cm−1 P\\OBǺ νas(P\\OT) cm−1 P\\OB Ǻ
1.77 1128d,f 1199d,f 1.79
1116f 1205f 1.78
1114f 1216f 1.82
1.77
1.77
1.77 1159e,f 1170e,f 1.82
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ence interaction strengths which are comparable to an aqueous envi-
ronment. One of these oxygens interacts with the Mg2+ in both
protein models and the other with Lys684 and Asn706 in the inactive
structure and mainly with two water molecules in the active structure
(see Fig. 5). Since the third P\\OT bond is shorter than in the AcP-
water models, its OT atom interacts considerably weaker with the pro-
tein environment than with an aqueous environment. Its dominant in-
teraction is with the hydroxyl group of Thr625 in the inactive protein
model and with the attacking water molecule in the active protein
model. The ﬁnding of interaction strengths that are comparable to
those inwater for two terminal oxygens substantiates our previous con-
clusion [17] that the catalytic site of E2P should not be characterized as
hydrophobic or apolar.
3.4. Position of the TGES loop in E2P
For the E2P state adopted in aqueous solution, the position of the
TGES-loop is not known (see Section 1 Introduction). Therefore wave-
number calculationswere performed on two different proteinmodels—
the inactive model optimized from the BeF3− structure, where Glu183
points away from the phosphorylated site, and the active model from
the MgF42− structure with Glu183 pointing towards the catalytic site
(Figs. 1 and 5). These wavenumbers were calculated with the small
basis set. They were scaled as described in Section 2.1 and only the
scaled wavenumbers are discussed in the following. For the inactive
protein model the calculated (scaled) wavenumbers were calculated
to 1116 and 1205 cm−1 (Table 1). For the active protein model they
were calculated to 1114 and 1216 cm−1.
The wavenumbers for the inactive protein model (1116 and
1205 cm−1, Table 1) correspond closer to the experimental spectrum
(1137 and 1194 cm−1) [17] than those calculated for the active protein
model (1114 and 1216 cm−1). Note that the protein models were
based on two different crystal structures, whereas the experimental
wavenumbers are characteristic for the E2P state adopted in aqueous
solution. The main wavenumber discrepancy between the models con-
cerns the highest wavenumber, which exhibits the largest deviation to
the experimental value for the active protein model. This is an indica-
tion that the active structure might not represent the genuine E2P
state observed in experiments performed in aqueous solution. In order
to seek further conﬁrmation for this suggestion, a second comparison
was performed.
In the following, the wavenumbers of AcP-E2P model 1 are
compared to those of the protein models. This comparison uses
wavenumbers which were obtained in very different ways. Those of
the protein models are based on X-ray structures. In contrast, AcP-E2P
model 1 was obtained in a reverse way, as the structure was developed
under the guidance of the experimentalwavenumbers. In order to com-
pare the calculated wavenumbers of AcP-E2P model 1 and of protein
models, AcP-E2P model 1 was re-optimized under the same constraints
using the small basis set and its wavenumbers calculated. These
wavenumbers were scaled with the same factor as used for the protein
models and only the scaled wavenumbers are discussed in the follow-
ing. The νas(P\\OT) wavenumbers of AcP-E2P model 1 calculated with
the small basis set were 1128 and 1199 cm−1, i.e. within 10 cm−1 of
those obtained with the large basis set. The values obtained with the
small basis set are closest to those calculated for the inactive protein
model (1116 and 1205 cm−1). The agreement is particularly good for
the highest wavenumber, where active and inactive proteinmodels dif-
fer by 11 cm−1. This is a second indication that the inactive structure
represents the E2P state.
A further indication that the experimental wavenumbers corre-
spond to the inactive proteinmodel can be foundby bonddistance com-
parisons. In AcP-E2P model 1 (Fig. 4), the P\\OB bond length is 1.77 Å
(large basis set) and 1.79 Å for its small basis set variant. This compares
favorably with the bond length of 1.78 Å calculated for the inactiveprotein model (small basis set). As mentioned before, the two bond
length estimates were derived in completely independent ways, either
by optimizing a protein model that is based on a crystal structure, or
by adjusting simple AcP models so that their wavenumbers match ex-
perimental data. In contrast to the inactive protein model, the active
protein model has a ~0.04 Å longer P\\OB bond (1.82 Å) than AcP-E2P
model 1 and its small basis set variant. This bond elongation is expected
to increase the average wavenumber of the asymmetric stretching vi-
brations according to the bond valencemodel employed in our previous
publication [17] and such an increase is indeed calculated for the two
protein models. This correlation was also found when a large number
of AcP models and models for two further phosphorylated amino
acids in different environments were analyzed (manuscript in prepara-
tion). Thus, the agreement of the bond lengths is a third indication that
the E2P state in aqueous solution corresponds to the inactive protein
model with a structure of the catalytic site as in the BeF3− structure.
In conclusion, three ﬁndings point towards the inactive protein
model representing the genuine E2P state in solution: (i) the νas(P\\OT)
wavenumbers of the inactive protein model are closer to the experi-
mental wavenumbers than those of the active model, (ii) recalculating
AcP-E2P model 1 with the same small basis set used for the protein
models produces wavenumbers which are also closer to those of the in-
active proteinmodel, and (iii) the bridging P\\O bond length calculated
with the inactive protein model agrees with the length calculated for
AcP-E2P model 1. This reasoning indicates that the TGES loop with
Glu183 points away from the catalytic site in E2P as it does in the
BeF3− structure.
3.5. Population of the active state
The above discussion suggests that the inactive catalytic site confor-
mation represents the E2P ground state. The following section discusses
whether the active conformation is adopted to a small proportion in the
ensemble of E2P states adopted in aqueous solution. The 1194 cm−1
band of the experimental isotope exchange spectrum, shown in Fig. S2
of Supplementary Data, serves as a marker for this state. Above this
band was attributed to the inactive conformation. According to the pro-
tein models (Table 1), the active conformation is expected to generate
this band at ~10 cm−1 higher wavenumber. However, the experimen-
tally observed band can well be ﬁtted by a single Gaussian line. There
is no evidence in the experimental spectrum for an upshifted additional
component band, whichwould be detectable at the expected position if
it had at least 15% of the amplitude of the main band at 1194 cm−1. It is
therefore concluded that the active conformation is adopted to less than
15% in the E2P ground state. This indicates that its Gibbs energy is at
least 1 kcal/mol higher than that of the E2P ground state.
4. Discussion
By comparing experimental infrared data with computed models
the following conclusions were obtained:
(i) The catalytic site of the E2P state in aqueous solution appears to
adopt a structure as in the crystal structure obtained with BeF3−
(here called inactive protein model). A similar conclusion
was reached previously regarding the membrane domain as
discussed in Section 1 (Introduction). The structure of the E2P
catalytic site is not the reactant state for the dephosphorylation
reaction because of the position of the 181TGES loop (see
Section 1 Introduction).
(ii) The P\\O bond lengths of the E2P phosphate were determined
and compared to those in an aqueous environment. Themost no-
ticeable difference is that one of the P\\OT bonds is shorter in the
protein environment. This indicates one stronger P\\OT bond
than in water and weaker interactions to the respective terminal
phosphate oxygen. The other P\\OT bonds of E2P are comparable
1042 A. Barth / Biochimica et Biophysica Acta 1847 (2015) 1036–1043to those in an aqueous environment. The differences in strength
of the three P\\OT bonds in E2P lead to considerably different
wavenumbers for the two asymmetric P\\OT stretching vibra-
tions. The P\\OB bond length of E2P was calculated to 1.77 Å
(from AcP-E2P model 1) which is similar to that for AcP in aque-
ous solution. Therefore, there is no substantial weakening of the
scissile P\\OB bond in the E2P ground state. This conclusion is in
contrast to our previous evaluation [17] which used empirical
correlations between the average wavenumber of the asymmet-
ric P\\OT stretching vibrations νas(P\\OT) and the P\\OB bond
length. Our calculations conﬁrmed the general trend of longer
P\\OB bonds for larger average νas(P\\OT) wavenumbers (man-
uscript in preparation) that is the basis for the empirical correla-
tions. However, the calculations showed also that theAcPmodels
deviate from this trend, which explains the discrepancywith our
previous evaluation.
(iii) The reactant state of the dephosphorylation reaction E2PR (active
protein model, Figs. 1 and 5) is not detected in the experimental
spectrum, indicating that it is only weakly populated in the en-
semble of structures constituting the E2P state and thus it has
higher energy than the E2P ground state. In E2PR, Glu183 faces
Asp351 and positions the attacking water molecule. This state
has a P\\OB bond which is 0.04 Å longer than in the E2P ground
state and thus weakened by the enzyme environment. This is
likely caused by a stronger hydrogen bond between Lys684 and
the bridging oxygen [48]. While this bond elongation is a clear
approach towards the transition state of the dephosphorylation
reaction, the active protein model would not qualify for a near-
attack conformer since the attacking water molecule is oriented
in the wrong way: a hydrogen and not the oxygen atom faces
the phosphate group (Fig. 5) [57].
A consequence of the correspondence between the E2P ground state
and the inactive proteinmodel (derived from theBeF3− structure) is that
the E2P active site is only partly pre-organized for the dephosphoryla-
tion reaction. Most interactions with the aspartyl phosphate are in
place but the TGES loop is not correctly positioned. The pattern of one
short and two long P\\OT bonds in E2P is retained in the reactant and
in the transition state [57]. One of the terminal oxygens interacts with
Mg2+ in all states. The other strongly bonded terminal oxygen experi-
ences a successive weakening of interactions with protein residues
(Lys684 and Asn706) in the transitions from the E2P ground state to
the reactant state E2PR (active protein model) and to the transition
state. In addition, a water molecule interacts with this oxygen in the lat-
ter two states [48,57]. The weakly bonded terminal oxygen interacts
with Thr181 in the E2P ground state, as it does in the transition state.
In the intervening E2PR state however, this interaction is replaced by
an interaction with the attacking water molecule.
5. Conclusions
In this work, the bond lengths in a catalytically important group of a
transient enzyme species were determined, which quantiﬁed the
distortions imposed by the enzyme environment relative to aqueous
solution. This is difﬁcult to achieve with X-ray crystallography because
the studied enzyme state is transient and because it would require a
very high resolution structure. The simple AcP models used provide re-
alistic estimates for the P\\O bond lengths when their calculated
wavenumbers match experimentally determined ones. The bond
lengths agree with those obtained with much larger quantummechan-
ical models. The advantage of the simplemodels is that a larger basis set
can be used than for more comprehensive models of the active site,
which implies a higher reliability of the obtained structural data. There-
fore, vibrational spectroscopy in combination with simple modeling of
the environment around the vibrating groups can generate detailed
structural information with high accuracy.Transparency document
The Transparency document associated with this article can be
found, in the online version.
Acknowledgements
The author gratefully acknowledges Dr. Maria Rudbeck for the DFT
calculations and a ﬁrst draft of this article. He thanks her and
Prof. Margareta R. A. Blomberg (Stockholm University) for valuable dis-
cussions. This work was supported by Vetenskapsrådet (grant 621-
2009-3013).
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2015.05.009.
References
[1] G. Sulzenbacher, H. Driguez, B. Henrissat, M. Schülein, G.J. Davies, Structure of the
Fusarium oxysporum endoglucanase I with a nonhydrolyzable substrate analogue:
substrate distortion gives rise to the preferred axial orientation for the leaving
group, Biochemistry 35 (1996) 15280–15287, http://dx.doi.org/10.1021/bi961946h.
[2] J.Y. Zou, G.J. Kleywegt, J. Ståhlberg, H. Driguez, W. Nerinckx, M. Claeyssens, et al.,
Crystallographic evidence for substrate ring distortion and protein conformational
changes during catalysis in cellobiohydrolase Ce16A from Trichoderma reesei, Struc-
ture 7 (1999) 1035–1045, http://dx.doi.org/10.1016/S0969-2126(99)80171-3.
[3] Q. Han, R.L. Campbell, A. Gangloff, Y.W. Huang, S.X. Lin, Dehydroepiandrosterone
and dihydrotestosterone recognition by human estrogenic 17β-hydroxysteroid de-
hydrogenase. C-18/C-19 steroid discrimination and enzyme-induced strain, J. Biol.
Chem. 275 (2000) 1105–1111, http://dx.doi.org/10.1074/jbc.275.2.1105.
[4] A.M. Larsson, T. Bergfors, E. Dultz, D.C. Irwin, A. Roos, H. Driguez, et al., Crystal struc-
ture of Thermobiﬁda fusca endoglucanase Cel6A in complex with substrate and in-
hibitor: the role of tyrosine Y73 in substrate ring distortion, Biochemistry 44 (2005)
12915–12922, http://dx.doi.org/10.1021/bi0506730.
[5] D.S. Berkholz, H.R. Faber, S.N. Savvides, P.A. Karplus, Catalytic cycle of human gluta-
thione reductase near 1 Å resolution, J. Mol. Biol. 382 (2008) 371–384, http://dx.doi.
org/10.1016/j.jmb.2008.06.083.
[6] J. Yin, S.E. Andryski, A.E. Beuscher, R.C. Stevens, P.G. Schultz, Structural evidence for
substrate strain in antibody catalysis, Proc. Natl. Acad. Sci. U. S. A. 100 (2003)
856–861, http://dx.doi.org/10.1073/pnas.0235873100.
[7] T. Karlberg, M.D. Hansson, R.K. Yengo, R. Johansson, H.O. Thorvaldsen, G.C. Ferreira,
et al., Porphyrin binding and distortion and substrate speciﬁcity in the
ferrochelatase reaction: the role of active site residues, J. Mol. Biol. 378 (2008)
1074–1083, http://dx.doi.org/10.1016/j.jmb.2008.03.040.
[8] S. Xiang, S.A. Short, R. Wolfenden, C.W. Carter, The structure of the cytidine
deaminase-product complex provides evidence for efﬁcient proton transfer and
ground-state destabilization, Biochemistry 36 (1997) 4768–4774, http://dx.doi.
org/10.1021/bi963091e.
[9] T.C. Bruice, A view at the millennium: the efﬁciency of enzymatic catalysis, Acc.
Chem. Res. 35 (2002) 139–148, http://dx.doi.org/10.1021/ar0001665.
[10] T.C. Bruice, Computational approaches: reaction trajectories, structures, and atomic
motions. Enzyme reactions and proﬁciency, Chem. Rev. 106 (2006) 3119–3139,
http://dx.doi.org/10.1021/cr050283j.
[11] A. Warshel, Computer simulations of enzyme catalysis: methods, progress, and in-
sights, Annu. Rev. Biophys. Biomol. Struct. 32 (2003) 425–443, http://dx.doi.org/
10.1146/annurev.biophys.32.110601.141807.
[12] S.J. Benkovic, S. Hammes-Schiffer, A perspective on enzyme catalysis, Science 301
(2003) 1196–1202, http://dx.doi.org/10.1126/science.1085515.
[13] V.E. Anderson, Quantifying energetic contributions to ground state destabilization,
Arch. Biochem. Biophys. 433 (2005) 27–33, http://dx.doi.org/10.1016/j.abb.2004.
09.026.
[14] S.D. Lahiri, G. Zhang, D. Dunaway-Mariano, K.N. Allen, The pentacovalent phospho-
rus intermediate of a phosphoryl transfer reaction, Science 299 (2003) 2067–2071,
http://dx.doi.org/10.1126/science.1082710.
[15] H. Deng, R. Callender, Raman spectroscopic studies of the structures, energetics, and
bond distortions of substrates bound to enzymes, Methods Enzymol. 308 (1999)
176–201.
[16] H. Cheng, S. Sukal, H. Deng, T.S. Leyh, R. Callender, Vibrational structure of GDP and
GTP bound to RAS: an isotope-edited FTIR study, Biochemistry 40 (2001)
4035–4043, http://dx.doi.org/10.1021/bi0021131.
[17] A. Barth, N. Bezlyepkina, P\\O bond destabilization accelerates phosphoenzyme
hydrolysis of sarcoplasmic reticulum Ca2+-ATPase, J. Biol. Chem. 279 (2004)
51888–51896, http://dx.doi.org/10.1074/jbc.M410867200.
[18] M. Klähn, J. Schlitter, K. Gerwert, Theoretical IR spectroscopy based on QM/MM
calculations provides changes in charge distribution, bond lengths, and bond angles
of the GTP ligand induced by the Ras-protein, Biophys. J. 88 (2005) 3829–3844,
http://dx.doi.org/10.1529/biophysj.104.058644.
1043A. Barth / Biochimica et Biophysica Acta 1847 (2015) 1036–1043[19] J.H. Wang, D.G. Xiao, H. Deng, M.R. Webb, R. Callender, Raman difference studies
of GDP and GTP binding to c-Harvey ras, Biochemistry 37 (1998) 11106–11116,
http://dx.doi.org/10.1021/bi980471m.
[20] C. Allin, K. Gerwert, Ras catalyzes GTP hydrolysis by shifting negative charges from
γ- to β-phosphate as revealed by time-resolved FTIR difference spectroscopy,
Biochemistry 40 (2001) 3037–3046, http://dx.doi.org/10.1021/bi0017024.
[21] J.G. Belasco, J.R. Knowles, Direct observation of substrate distortion by
triosephosphate isomerase using Fourier transform infrared spectroscopy,
Biochemistry 19 (1980) 472–477, http://dx.doi.org/10.1021/bi00544a012.
[22] C.W. Wharton, Infrared spectroscopy of enzyme reaction intermediates, Nat. Prod.
Rep. 17 (2000) 447–453, http://dx.doi.org/10.1039/b002066o.
[23] M.J. Hokenson, G.A. Cope, E.R. Lewis, K.A. Oberg, A.L. Fink, Enzyme-induced strain/
distortion in the ground-state ES complex in β-lactamase catalysis revealed by
FTIR, Biochemistry 39 (2000) 6538–6545, http://dx.doi.org/10.1021/bi9928041.
[24] H. Deng, A. Lewandowicz, V.L. Schramm, R. Callender, Activating the phosphate nu-
cleophile at the catalytic site of purine nucleoside phosphorylase: a vibrational spec-
troscopic study, J. Am. Chem. Soc. 126 (2004) 9516–9517, http://dx.doi.org/10.
1021/ja049296p.
[25] M.A. Palafox, Empirical correlations in vibrational spectroscopy, Trends Appl.
Spectrosc. 2 (1998) 37–57.
[26] P.J. Tonge, P.R. Carey, Length of the acyl carbonyl bond in acyl-serine proteases cor-
relates with reactivity, Biochemistry 29 (1990) 10723–10727, http://dx.doi.org/10.
1021/bi00500a002.
[27] A.J. White, C.W. Wharton, Hydrogen-bonding in enzyme catalysis. Fourier-
transform infrared detection of ground-state electronic strain in acyl-
chymotrypsins and analysis of the kinetic consequences, Biochem. J. 270 (1990)
627–637.
[28] H. Deng, J. Wang, R.H. Callender, J.C. Grammer, R.G. Yount, Raman difference spec-
troscopic studies of the myosin S1.MgADP.vanadate complex, Biochemistry 37
(1998) 10972–10979, http://dx.doi.org/10.1021/bi980556n.
[29] C. Kötting, M. Blessenohl, Y. Suveyzdis, R.S. Goody, A. Wittinghofer, K. Gerwert, A
phosphoryl transfer intermediate in the GTPase reaction of Ras in complex with
its GTPase-activating protein, Proc. Natl. Acad. Sci. U. S. A. 103 (2006)
13911–13916, http://dx.doi.org/10.1073/pnas.0604128103.
[30] K.E. Riley, B.T. Op't Holt, K.M. Merz, Critical assessment of the performance of densi-
ty functional methods for several atomic and molecular properties, J. Chem. Theory
Comput. 3 (2007) 407–433, http://dx.doi.org/10.1021/ct600185a.
[31] C. Olesen, M. Picard, A.-M.L. Winther, C. Gyrup, J.P. Morth, C. Oxvig, et al., The struc-
tural basis of calcium transport by the calcium pump, Nature 450 (2007)
1036–1042, http://dx.doi.org/10.1038/nature06418.
[32] W. Hasselbach, M. Makinose, Die Calciumpumpe der “Erschlaffungsgrana” des
Muskels und ihre Abhängigkeit von der ATP-Spaltung (The calcium pump of the
relaxing granules of muscle and its dependence on ATP splitting), Biochem. Z. 333
(1961) 518–528.
[33] C. Toyoshima, Structural aspects of ion pumping by Ca2+-ATPase of sarcoplasmic re-
ticulum, Arch. Biochem. Biophys. 476 (2008) 3–11, http://dx.doi.org/10.1016/j.abb.
2008.04.017.
[34] J.V. Møller, C. Olesen, A.-M.L. Winther, P. Nissen, The sarcoplasmic Ca2+-ATPase:
design of a perfect chemi-osmotic pump, Q. Rev. Biophys. 43 (2010) 501–566,
http://dx.doi.org/10.1017/S003358351000017X.
[35] B. Rauch, D. von Chak, W. Hasselbach, Phosphorylation by inorganic phosphate of
sarcoplasmic membranes, Z. Naturforsch. 32c (1977) 828–834.
[36] R.M. Chaloub, H. Guimaraes-Motta, S. Verjovski-Almeida, L. de Meis, G. Inesi,
Sequential reactions in Pi utilization for ATP synthesis by sarcoplasmic reticulum,
J. Biol. Chem. 254 (1979) 9464–9468.
[37] A. Vieyra, H.M. Scofano, H. Guimaraes-Motta, R.K. Tume, L. de Meis, Transient state
kinetic studies of phosphorylation by ATP and Pi of the calcium-dependent ATPase
from sarcoplasmic reticulum, Biochim. Biophys. Acta 568 (1979) 437–445.
[38] D.B. McIntosh, P.D. Boyer, Adenosine 5′-triphosphate modulation of catalytic inter-
mediates of calcium ion activated adenosinetriphosphatase of sarcoplasmic reticu-
lum subsequent to enzyme phosphorylation, Biochemistry 22 (1983) 2867–2875,
http://dx.doi.org/10.1021/bi00281a015.
[39] G. Di Sabato, W.P. Jencks, Mechanism and catalysis of reactions of acyl phosphates.
II. Hydrolysis, J. Am. Chem. Soc. 83 (1961) 4400–4405, http://dx.doi.org/10.1021/
ja01482a025.
[40] C. Toyoshima, H. Nomura, T. Tsuda, Lumenal gating mechanism revealed in calcium
pump crystal structures with phosphate analogues, Nature 432 (2004) 361–368,
http://dx.doi.org/10.1038/nature02981.[41] C. Olesen, T.L.-M. Sørensen, R.C. Nielsen, J.V. Møller, P. Nissen, Dephosphorylation of
the calcium pump coupled to counterion occlusion, Science 306 (2004) 2251–2255,
http://dx.doi.org/10.1126/science.1106289.
[42] C. Toyoshima, Y. Norimatsu, S. Iwasawa, T. Tsuda, H. Ogawa, How processing of
aspartylphosphate is coupled to lumenal gating of the ion pathway in the calcium
pump, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 19831–19836, http://dx.doi.org/10.
1073/pnas.0709978104.
[43] S. Danko, K. Yamasaki, T. Daiho, H. Suzuki, Distinct natures of beryllium ﬂuoride-
bound, aluminum ﬂuoride-bound, and magnesium ﬂuoride-bound stable analogues
of an ADP-insensitive phosphoenzyme intermediate of sarcoplasmic reticulum
Ca2+-ATPase: changes in catalytic and transport sites during phosphoenzyme
hydrolysis, J. Biol. Chem. 279 (2004) 14991–14998, http://dx.doi.org/10.1074/jbc.
M313363200.
[44] M. Picard, C. Toyoshima, P. Champeil, Effects of inhibitors on luminal opening of
Ca2+ binding sites in an E2P-like complex of sarcoplasmic reticulum Ca2+-ATPase
with Be2+-ﬂuoride, J. Biol. Chem. 281 (2006) 3360–3369, http://dx.doi.org/10.
1074/jbc.M511385200.
[45] M. Liu, A. Barth, TNP-AMP binding to the sarcoplasmic reticulum Ca2+-ATPase stud-
ied by infrared spectroscopy, Biophys. J. 85 (2003) 3262–3270, http://dx.doi.org/10.
1016/S0006-3495(03)74744-4.
[46] M. Liu, A. Barth, Mapping interactions between the Ca2+-ATPase and its substrate
ATP with infrared spectroscopy, J. Biol. Chem. 278 (2003) 10112–10118, http://dx.
doi.org/10.1074/jbc.M212403200.
[47] C. Toyoshima, S.-I. Yonekura, J. Tsueda, S. Iwasawa, Trinitrophenyl derivatives bind
differently from parent adenine nucleotides to Ca2+-ATPase in the absence of
Ca2+, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 1833–1838, http://dx.doi.org/10.
1073/pnas.1017659108.
[48] M.E. Rudbeck, S.O. Nilsson Lill, A. Barth, Inﬂuence of the molecular environment on
phosphorylated amino acidmodels: a density functional theory study, J. Phys. Chem.
B 116 (2012) 2751–2757, http://dx.doi.org/10.1021/jp206414d.
[49] M. Rudbeck, Basis set dependence of phosphate frequencies in density functional
theory calculations, Int. J. Quantum Chem. 112 (2012) 2435–2439, http://dx.doi.
org/10.1002/qua.23182.
[50] M. Rudbeck, The Beauty of the Bitter Devils: A Theoretical Study on Phosphate
MoleculesPhD thesis Stockholm University, 2011.
[51] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, et al.,
Gaussian 03, Revision D.01, Gaussian, Inc, Wallingford CT, 2004.
[52] Jaguar, Version 7.6, Schrodinger, LLC, New York, 2009.
[53] A.D. Becke, Density-functional thermochemistry. III. The role of exact exchange,
J. Chem. Phys. 98 (1993) 5648–5652, http://dx.doi.org/10.1063/1.464913.
[54] C. Lee, W. Yang, R.G. Parr, Development of the Colle–Salvetti correlation-energy for-
mula into a functional of the electron density, Phys. Rev. B 37 (1988) 785–789,
http://dx.doi.org/10.1103/PhysRevB.37.785.
[55] V. Barone, M. Cossi, Quantum calculation of molecular energies and energy
gradients in solution by a conductor solvent model, J. Phys. Chem. A 102 (1998)
1995–2001, http://dx.doi.org/10.1021/jp9716997.
[56] M. Cossi, N. Rega, G. Scalmani, V. Barone, Energies, structures, and electronic prop-
erties of molecules in solution with the C-PCM solvation model, J. Comput. Chem.
24 (2003) 669–681, http://dx.doi.org/10.1002/jcc.10189.
[57] M.E. Rudbeck, M.R.A. Blomberg, A. Barth, Hydrolysis of the E2P phosphoenzyme of
the Ca2+-ATPase: a theoretical study, J. Phys. Chem. B 117 (2013) 9224–9232,
http://dx.doi.org/10.1021/jp4049814.
[58] P.E.M. Siegbahn, F. Himo, The quantum chemical cluster approach for modeling
enzyme reactions, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 1 (2011) 323–336,
http://dx.doi.org/10.1002/wcms.13.
[59] P.E.M. Siegbahn, Modeling aspects of mechanisms for reactions catalyzed by
metalloenzymes, J. Comput. Chem. 22 (2001) 1634–1645, http://dx.doi.org/10.
1002/jcc.1119.
[60] P.E.M. Siegbahn, F. Himo, Recent developments of the quantum chemical cluster ap-
proach for modeling enzyme reactions, J. Biol. Inorg. Chem. 14 (2009) 643–651,
http://dx.doi.org/10.1007/s00775-009-0511-y.
[61] M. Liu, M. Krasteva, A. Barth, Interactions of phosphate groups of ATP and aspartyl
phosphate with the sarcoplasmic reticulum Ca2+-ATPase: an FTIR study: an FTIR
study, Biophys. J. 89 (2005) 4352–4363, http://dx.doi.org/10.1529/biophysj.105.
061689.
